A nonuniversal abelian extension U(1) X free from chiral anomalies is introduced into the Standard Model (SM), in order to evaluate its suitability in addressing the fermion mass hierarchy (FMH) by using seesaw mechanisms (SSM). In order to break the electroweak symmetry, three Higgs doublets are introduced, which give mass at tree-level to the top and bottom quarks, and the muon lepton. With an electroweak singlet scalar field, the U (1)X symmetry is broken and the exotic particles acquire masses. The light particles in the SM obtain their masses via SSM and Yukawa couplings differences. Active neutrino masses are generated through inverse seesaw mechanisms (ISM). Additionally, the algebraic expressions for the mixing angles for quarks and leptons are also shown in the article.
I. INTRODUCTION
The current phenomenological data in high-energy physics is consistent with the existence of twelve fundamental fermions divided into quarks and leptons with their masses ranging from units of MeV to hundreds of GeV [1] , and a large gap until thousandths of eV according to neutrino oscillation data [2, 3] . Such particles are grouped in three chiral anomaly-free families under the gauge symmetries of the Standard Model (SM) G SM = SU(3) C ⊗ SU(2) L ⊗ U(1) Y [4] . However, although the electroweak spontaneous symmetry breaking (SSB) accounts for the mass acquisition of fermions, it is not understood how fermions masses covers so many orders of magnitude despite there is only one vacuum expectation value (VEV) in the current SM. Moreover, the hierarchy among mixing angles of quark and lepton observed in the Cabbibo-Kobayashi-Maskawa (CKM) [5] and PontecorvoMaki-Nakagawa-Sakata (PMNS) matrices [6] , respectively, has not been well understood. This issue, called fermion mass hierarchy (FMH) [7] , is a motivation to extend the SM by adding new particles or symmetries.
The FMH problem has been addressed from different points of view in order to achieve the simplest model beyond the SM. One of the first and most important schemes is the left-right model proposed by H. Fritzsch whose mass matrices have suited textures to understand the existence of three mass scales in the fermionic spectrum [8] . C. Froggat and H. Nielsen presented a model in which the heaviest fermions acquire mass through the VEV of the Higgs field, while the lightest ones get massive through radiative corrections by employing degrees of freedom heavier than the SM particles [9] . Another remarkable way to understand the hierarchy mechanism is to assume that light neutrinos acquire their masses through radiative corrections [10] . Similar methodologies are shown in Refs. [11] using multiple scalar fields to achieve FMH. As a special case, Y. Koide addressed the model in a geometrical shape, yielding the well-known Koide formula to obtain the τ lepton mass [12] , while Z. Xing analyzed the quark spectrum involving masses and mixing angles of the CKM matrix [13] . Thereafter, extra dimensions were introduced in new scenarios which yielded different behaviors for each family so as their Yukawa coupling constants can account for the mass hierarchy [14] . Similarly, Randall-Sundrum models offer scenarios were the delocalization of fermion wavefunctions between the Planck-brane and the TeV-brane in an Anti-deSitter space could account for FMH [15] .
Therefore, the confirmation of neutrino oscillations open new possibilities BSM. The smallness of neutrino masses is traditionally explained by the seesaw mechanism (SSM) [16] , which adds Majorana fermions N R as right-handed neutrinos whose masses are at µ N = 10
14 GeV such that SM neutrinos get light masses in accordance with experimental upper limits and square mass differences, ∆m 2 12 and ∆m 2 3ℓ , from oscillation data. However, such a shocking mass can be lower by including a second set of right-handed neutrinos ν R which acquire mass at units of TeV so as the inverse SSM (ISS) [17] can is implemented, and the Majorana mass turns out to be at units of keV µ N ∼ 1 keV. Similarly, the large lepton mixings have been addressed with new methods. N. Haba and H. Murayama presented a model on neutrino masses through anarchic mass textures, i.e., without any particular structure [18] , and discrete symmetries such as A 4 were also employed to achieve fermion masses and mixings [19] .
Lastly, the detection of the Higgs boson has encouraged new schemes with extended scalar sectors and gauge groups because of the existence of fundamental scalar fields in Nature. In this way, the FMH can be understood in two Higgs doublet models (2HDM) [20] and Next-to-Minimal 2HDMs (N2HDM) [21] and N3HDM [22] . Thus, this article is oriented in nonuniversal abelian extensions of the SM G SM ⊗ U(1) X whose charges are different among families, and its symmetry breaking is ensured by a Higgs singlet χ at TeV scale. As a consequence, chiral anomalies from triangle diagrams could emerge, so it is important search for solutions of chiral anomaly equations that cancel them all,
Such a requirement, together with nonuniversality, is satisfied by adding new isospin singlet exotic fermions T , J and E to the model. Furthermore, these new fermions might contribute to mass acquisition so as FMH can be obtained by avoiding unpleasant fine-tunings. Additionally, the nonuniversality in the set of X charges which cancels the chiral anomalies could imply flavor violation processes such as
The present article shows a nonuniversal abelian extension which address FMH. First of all, section II presents the seesaw mechanism which employs the vacuum hierarchy (VH) among scalars to yield algebraic expressions of fermion masses which suggest the existence of lighter and heavier fermions than the original VEVs. After that, section III introduces a nonuniversal model corresponding to one solution of the chiral anomaly equations (1) with the corresponding analysis on the different hidden flavor symmetries and its consequences in mass acquisition mechanisms. Then, section IV employs special textures to get a suited fermionic spectrum which might account for FMH. Lastly, the important features of each model are presented and compared in section V with some conclusions outlined at the end of the article.
II. SEESAW MECHANISM
The majority of textures propose finite and null components of the mass matrices in order to get the suited mass eigenvalues and mixing angles. The model achieves in a natural way the fermionic mass hierarchy through seesaw mechanisms (SSM), with the existence of elements at two different orders of magnitude in a very special location inside the mass matrix.
The simplest example of the SSM comprises two fermions f and F coupled by two Higgs scalars φ 1,2 . The Yukawa does not, as it is shown below by choosing one of the two possible VHs: when
while when v 2 < v 1 the mixing angles turn out to be
In both scenarios the left-handed mixing angle gets suppressed by the specific VH between the Higgs doublets. On the contrary, the right-handed mixing angle results as the ratio among the Yukawa coupling constants of the dominant VEV.
The following sections show the abelian extensions U(1) X with nonuniversal sets of charges and the fermion mass acquisition in the quark and lepton sectors.
III. NONUNIVERSAL ABELIAN EXTENSIONS, PARTICLE CONTENT AND FLAVOR SYMMETRIES
The model presented in this article is a nonuniversal abelian extension of the SM, in which a new gauge symmetry U(1) X is added to the SM gauge group G SM . Such an extension is broken to the SM by an additional Higgs scalar singlet χ whose VEV v χ lies at TeV. Then, the electroweak SSB is done by three Higgs scalar doublets Φ 1,2,3 whose VEVs fulfill v 2 = v and Z µ . The complete SSB chain is
The scalar Higgs potential of the model is given by:
The VEV v χ breaks the symmetry beyond the SM, giving masses to the exotic fermions. Therefore, since
The other conditions for the electroweak VEV are:
For v 1 , v 2 , v 3 the constraints are given by:
The condition for the soft symmetry breaking reads |µ in the denominator for v 2 3 , which does not appear in the expression for v 2 2 . Consequently, the space of parameters permits naturally the assumption of the following VH
Lastly, the scalar sector, together with the Majorana mass scale µ N , exhibits the VH
This choose of VEVs of the Higgs doublets Φ 1,2,3 plays a fundamental role on the model, because it sets the energy scale for the charm and top quarks and the muon. All other SM particles acquire masses through suppression mechanisms along with such introduced energy scales. On the other hand, the fermionic sector comprises the SM fermions (including right-handed neutrinos ν R ) and an exotic sector composed by up-like quarks T , down-like quarks 
Particle content of the abelian extensions, nonuniversal X quantum number and Z2 parity for the model.
LeftHanded
Right- . All the exotic fermions are isospin singlets, so they acquire mass through the Higgs singlet v χ . The addition of the exotic sector not only ensures the cancellation of chiral anomalies, which would not be canceled by only SM fermions, but also contributes to the mass acquisition mechanisms of fermions. The set of U(1) X charges is shown in Tab. II.
Before acting Z 2 , the quark sector exhibits the global
while the lepton sector has the flavor symmetry
which does not show any universal symmetry, so it does not need breaking. After the action of the discrete symmetry, the quark global symmetry turns out to be
breaking the universality in the up quark right-handed sector and ensuring the complete acquisition of masses in the fermionic sector. The section IV is focused on the fermion mass acquisition, mixing angles and the different mechanisms involved to obtain the FMH.
IV. MASS HIERARCHY ACQUISITION
As it was mentioned in section III, the model lacks of flavor global symmetries. This feature implies that all fermions acquire mass at tree level.
The hadronic sector of the model contains the SM fields with four exotic chiral quarks: two up-like quarks T 1 , T 2 and two down-like quarks J 1 , J 2 . The leptonic sector of the model contains the SM fields with three exotic chiral charged leptons E 1 , E 2 , E 3 and three Majorana fermions
The non-universal quantum numbers and parities are shown in Tab. II.
The Yukawa Lagrangians under the symmetry U(1) X ⊗ Z 2 in the quark sector are
and, under the symmetry U(1) X ⊗ Z 2 , the Yukawa Lagrangians in the lepton sector are
The assignation of the U (1) X charges for the fermions determines the X charges' configuration for the scalar fields in order to build the Yukawa Lagrangian in the fermion sector.
For the ordinary fermionic sector, if only a Higgs doublet Φ 1 with charge X = 1/3 is regarded, then only two up-like quarks acquire masses, as it can be seen from the equation (18), or in the following lines, from the mass matrix shown in equation (24) . Every down-like quark remains massless and just one of the charged leptons obtains mass, as it can be seen from the equations (33) and (54), respectively.
Additionally, when a second Higgs doublet Φ 2 with X = 2/3 is introduced, a down-like quark acquires mass at tree level. In the quark sector the doublets Φ 1 and Φ 2 give partially masses to the up-like and down-like quarks. It could be thought that there is a similarity with a Two Higgs Doublet Model type II, where the discrete symmetry Z 2 is replaced by the charges X from U (1) X . In this model a parameter tan(β) = v 1 /v 2 ≈ m t /m b can be defined.
In order to obtain masses for the rest charged leptons, it is necessary to add a third Higgs doublet Φ 3 with X = 2/3, and in this situation two of this particles obtain masses. Moreover, with this addition, the rest down-like quarks and an up-like acquire masses.
The seesaw mechanisms with exotic particles also generates fine-tunning via Yukawa coupling differences from first order, which suppress some mass eigenvalues and explain how the FMH is addressed with the Higgs doublet's VEV spectrum and the singlet VEV. Furthermore, it is also possible to explain the mixing angles of quarks and leptons, as it was already shown in a similar model [22] . Therefore, the X charges assignation for the scalar sector is directly derived from the structure of X charges in the fermionic sector, which gives a free anomaly U (1) X model. The simplest scenario to obtain mass spectrum is to assign values to v 1 , v 2 and v 3 using the masses of top, bottom and muon, respectively.
Next, the Yukawa Lagrangians are evaluated at the VEVs, yielding the mass matrices whose eigenvalues, as well as their mixing angles, are shown below. The diagonalization procedure is shown in the appendix A.
A. Up-like quarks
The up-like quark sector is described in the bases U and u, where the former is the flavor basis while the latter is the mass basis
The mass term in the flavor basis turns out to be
where M U is the up-like quarks mass matrix
Since the determinant of M U is non-vanishing, all up-like quarks acquire mass. Then, the mass eigenvalues corresponding with the SM quark masses are
while the masses of the exotic up-like quarks are
The corresponding left-handed rotation matrix can be expressed by
where the seesaw angle is 
The exotic species T 1 and T 2 got masses through v χ at units of TeV. The SM t quark has acquired mass with v 1 without any suppression, so its mass remains at the scale of v 1 , hundreds of GeV. On the contrary, the c quark have acquired mass with v 1 and v 2 but yielding the suppressed mass of the c quark because of the existance of a SSM together with the T 1 exotic quark. Finally, the u quark has acquired mass through v 3 with a similar SSM as for c quark, but with the t quark instead of T 1 . Consequently, the mass of the u quark gets suppressed by the top quark t.
B. Down-like quarks
The down-like quarks are described in the bases D and d, where the former is the flavor basis while the latter is the mass basis
The mass term in the flavor basis is
where M D turns out to be
Thus, the mass eigenvalues of the SM quarks are
and the masses of the exotic species are given by
The corresponding left-handed rotation matrix is
where the seesaw angle which rotates out species
and the SM angles of
The heaviest quarks J 1 and J 2 acquired mass at TeV scale due to v χ , while the b quark obtained its mass through v 2 at units of GeV. The s quark has acquired its mass through v 3 at hundreds of MeV with the corresponding SSM with the bottom quark b.
Similarly, the quark d got its mass through the SSM with the exotic species J 1 .
C. Neutral leptons
Neutrinos involve Dirac and Majorana masses in their Yukawa Lagrangian. Since N i R are Majorana fermions, the bases are chiral and the mass basis describes Majorana neutrinos. The flavor and mass bases are, respectively,
The mass term expressed in the flavor basis is
where the mass matrix has the following block structure
with M ν as the Dirac mass matrix between ν L and ν R
M N the Dirac mass matrix between ν
where
By employing the inverse SSM because of the VH in eq. (14), it is found that
where the new 3 × 3 blocks are [26] 
It was assumed M N diagonal and
so as it can yield the adequate mixing angles to fit PMNS matrix. By rejecting terms proportional to v 3 in m ν , the neutrino ν 1 L turns out to be massless, the masses of the other two neutrinos are
and the masses of the exotic species are
The left-handed rotation matrix can be expressed by
where the seesaw angle is
and V E L,SM , contained in the block-diagonal mixing matrix V E L,B after rotating out the heavy species has the angles tan θ
The charged leptons are described in the bases E and e, where the former is the flavor basis while the latter is the mass basis
The mass term obtained from the Yukawa Lagrangian is
where M E turns out to be
The determinant of M E is non-vanishing ensuring that all charged leptons acquire mass. Thus, the eigenvalues of the mass matrix yields the masses of the SM leptons
and the masses of the new exotic charged leptons
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and
The exotic charged leptons E 1,2,3 have acquired mass at TeV scale. The heaviest SM lepton τ acquired a supressed mass at GeV scale through v 1 so as it does not acquire mass at hundreds of GeV, but at units of GeV. The lepton µ has acquired mass through v 3 without any suppression, so its mass remains at hundreds of MeV. Finally, the lightest lepton, e, got its mass through a Yukawa suppression.
Summarizing, the FMH is achieved by the implementation of the VH together with the mass matrices obtained from the Yukawa Lagrangian, whose terms are constrained by the non-universal U(1) X gauge and Z 2 discrete symmetries. The fermion masses are outlined in the table III.
V. DISCUSSION AND CONCLUSIONS
The article describes a nonuniversal abelian extension to the SM G SM ⊗U(1) X to address FMH. The set of X charges, shown in Tab. I is a solution of the chiral anomaly equations (1) with different exotic sectors, composed by up-like T and down-like quarks J , charged leptons E and Majorana fermions N . The model contains two T 1,2 , two J 1,2 , two E 1,2,3 and three N 1,2,3 R
. All of them acquire masses at TeV scale through the VEV v χ .
The t quark acquires mass through v 1 without any kind of suppression, so its mass remains at hundreds of GeV. On the contrary, the c quark mass turns out suppressed because of the SSM involving the c quark and the exotic species T 1 present in the mass matrix M U , given by the sub-block
which yields the suppression of the c quark mass
from hundreds to units of GeV since it acquires mass via v 1 , in accordance with experimental observations. Similarly, the u quark mass is suppressed by the SSM involving u and t in the following sub-block of the up-like quarks mass matrix
obtaining the mass of the u quark through v 3 with the subtraction of Yukawa coupling constants
lowering the mass from hundreds of to units of MeV. Moreover, the top quark obtains its mass at the scale of hundreds of GeV directly via v 1 with no suppression mechanism
2 .
The d quark obtains its mass through v 3 and an SSM with the exotic species J 1 ,
which gives the suppressed mass of the d quark
2 . 
so as the d quark does not acquire mass at hundreds, but at units of MeV in accordance with phenomenological data. The model suppresses the mass of the s quark with the b quark because of the SSM 2 .
Within this SSM, the bottom quark acquires its mass di-
For the neutral sector, light active neutrinos and twofolded sterile heavy neutrinos at TeV scale are obtained with the employment of ISS. Moreover, the model selects the normal ordering, with the lightest active neutrino ν 1 L turning out massless when the smallest VEV v 3 is neglected.
The model predicts the non-suppressed mass of the µ given by m µ = h µµ 3e v 3 / √ 2, which turns out at hundreds of MeV because of v 3 . Furthermore, the charged lepton sector shows the largest SSM in the article involving e, τ and the exotic species E 2 ,
which gives the simultaneous suppression of the e and τ masses, from hundreds to units of MeV and GeV, respectively. By setting g 2e χe null to simplify algebraic expressions, the masses of the e and τ turn out to be
It is remarkable how the exotic E 2 suppresses the τ mass from hundreds to units of GeV, and in turn it suppresses the mass of the e from hundreds to units of MeV, as it is shown in the above expressions.
A summary of the fermion masses obtained from the model is shown in Tab. III. The nonuniversal abelian extensions can be considered one of the simplest schemes beyond SM because it only comprises one abelian gauge group U(1) X . However, they give rich frameworks where fundamental issues such as fermion mass hierarchy can be addressed with the suited particle content and couplings.
Moreover, this article shows how previous schemes [22] can be improved to avoid radiative corrections or fine-tunings and obtain in a natural way light and heavy fermions in accordance with experimental data.
Regarding the global symmetries which appear from the assignation of U(1) X quantum numbers in Table II , the discrete Z 2 breaks them in the following scheme,
which prevents the existence of massless fermions after the SSB.
On the other hand, it is important to reinforce that the set of chiral anomaly-free U(1) X quantum numbers constrains the set of U(1) X quantum numbers in the scalar sector in order to understand the masses and mixing angles observed in the fermionic spectrum of the SM.
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This work was supported by El Patrimonio Autonomo Fondo Nacional de Financiamiento para la Ciencia, la Tecnología y la Innovación Francisco José de Caldas programme of COLCIENCIAS in Colombia. The fermions of each sector are described in two bases: The flavor basis F and the mass basis f. The mass matrix M F writen in the basis f is found in the diagonal form, having as diagonal elements the masses of the fermions. By the implementation of spontaneous rupture of symmetry, the Yukawa Lagrangian L F can be expressed as:
The diagonalization of the mass matrix is made by a biunitary transformation, which reads
The unitary matrices V F R and V F L relate the mass and the flavor bases for both chiralities
However, M F is not a symmetric matrix and two unitary matrices have to be found. An alternative way is to diagonalize the symmetric constructions from M F , which are:
where the diagonal form is found only by the mixing of left-handed fermions, in the case of M F M † F , and by the mixing of the right-handed fermions, for the matrix M † F M F (for neutrinos the mass matrix M N is already symmertic.). Both quadratic mass matrices lead to the same eigenvalues, that correspond with the square of the masses. Since the main goal is to obtain the values of the fermion masses, only the matrix M F M † F was diagonalized, giving also the Yukawa mixings of the left-handed fermions. The first step is to notice that the matrix M sym F ≡ M † F M F can be written in the following block form:
where n is the number of exotic fermions and (M f F
n×3 . Thus, a seesaw rotation was applied to separate the SM from the exotic sector [27] 
with
This leaves the matrix in a block-diagonal form, as it was required
f F is the mass matrix for the SM and M sym F,exot ≈ M F the one for the exotic sector.
Then, a diagonalization for each sector was performed, summarized in the following matrix:
where V 
The matrices R ij are complex rotations, that read 
